Pausing of RNA polymerase II (Pol II) 20-60 bp downstream of transcription start sites is a major checkpoint during transcription in animal cells. Mechanisms that control pausing are largely unknown. We developed permanganate-ChIP-seq to evaluate the state of Pol II at promoters throughout the Drosophila genome, and a biochemical system that reconstitutes promoter-proximal pausing to define pausing mechanisms. Stable open complexes of Pol II are largely absent from the transcription start sites of most mRNA genes but are present at snRNA genes and the highly transcribed heat shock genes following their induction. The location of the pause is influenced by the timing between when NELF loads onto Pol II and how fast Pol II escapes the promoter region. Our biochemical analysis reveals that the sequence-specific transcription factor, GAF, orchestrates efficient pausing by recruiting NELF to promoters before transcription initiation and by assisting in loading NELF onto Pol II after initiation.
INTRODUCTION
Genome-wide analyses of Pol II in mammals and Drosophila reveals that Pol II is often concentrated at the 5 0 end of genes irrespective of the level of gene expression (Adelman and Lis, 2012) . Hence, transcriptional regulation after Pol II has associated with promoters is widespread, and may be a major form of gene regulation on par with transcription factor-mediated recruitment of the transcription machinery (Ptashne, 2005) .
Based on studies of individual genes, the enrichment of Pol II at promoters has been linked to promoter-proximal pausing that occurs after Pol II initiates transcription and elongates downstream from the start site (Lis, 1998) . However, much of our understanding of promoter-proximal pausing on a genomic scale has been defined by low-resolution ChIP assays and transcript mapping, which either lack the resolution or do not permit the detection of events occurring between the site of preinitiation complex (PIC) assembly and the pause sites (Core et al., 2008; Nechaev et al., 2010) . Even the recent high-resolution transcript-mapping technique PRO-seq cannot detect open complexes near the transcription start site (TSS) (Kwak et al., 2013) . Hence, possible open complexes formed over the transcription start or within the first 20 nucleotides cannot be distinguished or detected. Biochemical results argue for the existence of intermediates in the transcription cycle within the first 20 nucleotides (Nock et al., 2012; Pal et al., 2005) . Whether these are major rate-limiting steps in vivo is not known.
The most widely accepted assay for monitoring the position of Pol II along DNA once it has melted the DNA (the Pol II ''bubble'') is permanganate footprinting, which detects unpaired T residues in single-stranded open complexes (Adelman and Lis, 2012) . While the permanganate assay is powerful in both its spatial resolution and definitive assessment of open complexes, it has thus far not been performed on a genomic scale. We developed permanganate-ChIP-seq, which combines the single base pair spatial resolution of permanganate reactivity with the high signal-to-noise selection of Pol II ChIP and deep sequencing. We can discern on a genomic scale whether Pol II resides in open complexes upstream of the pause site or is only present in a kinetically trapped state at pause sites downstream from the TSS.
Promoter-proximal pausing depends on DSIF and NELF (Wu et al., 2003; Yamaguchi et al., 1999) , two proteins that associate with the Pol II elongation complex. Reactivation of paused Pol II involves P-TEFb, a kinase that phosphorylates Pol II, DSIF, and NELF (Chiba et al., 2010; Price, 2008) . Apart from the identity of these factors involved in pausing, there is almost no widely accepted concept of the pausing mechanism. There could be a specifically positioned protein such as a nucleosome that physically blocks Pol II elongation (Brown et al., 1996; Mavrich et al., 2008) . Alternatively, some feature of the promoter-proximal DNA sequence could inhibit Pol II elongation (Hendrix et al., 2008; Nechaev et al., 2010) . A third possibility that we explore here is that sequence-specific transcription factors establish a pausing competency to Pol II that is available shortly after it initiates transcription. We find that promoters with the highest levels of paused Pol II tend to associate with the sequence-specific DNA binding protein, GAGA factor (GAF). Deletion of the GAGA element at the hsp70 promoter was previously shown to cause loss of paused Pol II (Lee et al., 1992) , but it is unclear if GAF has a direct effect on the elongation complex or only functions in the initiation step that must precede pausing. To obtain a mechanistic understanding of how GAF affects pausing, we have developed a cell-free system that reconstitutes robust promoter-proximal pausing. Together with genomic analyses, our results provide insight into how a sequence-specific transcription factor can control the location and efficiency of promoter-proximal pausing.
RESULTS

Paused Genes Do Not Accumulate Open PICs
While it is clear that Pol II pauses on a genomic scale 20-60 bp after transcription initiation, it is not known on the same scale whether other polymerases might be engaged on the DNA just upstream. This is an important question because in yeast, Pol II is stably present within an open PIC at core promoters (Rhee and Pugh, 2012) , and biochemical results provide evidence for open complexes at the TSS (Nock et al., 2012) . To address this, we developed permanganate-ChIP-seq to detect open complexes on a genomic scale ( Figure 1A ). Cells were treated with formaldehyde to crosslink Pol II to DNA and then with permanganate to oxidize thymines in transcription bubbles. Sheared chromatin derived from these cells was immunoprecipitated with antibody against the Rpb3 subunit of Pol II. While the ChIP DNA was still associated with the resin, the first sequencing adaptor was ligated to both ends. The DNA was eluted from the immunoprecipitate, and the formaldehyde crosslinks were reversed. The DNA was treated with piperidine to cleave the DNA backbone at the oxidized thymines, and then denatured and subjected to second-strand synthesis via priming off of the ligated adaptor. Finally, a second adaptor was ligated to the newly polished end generated from piperidine cleavage, and the resulting library was subjected to deep sequencing. The 5 0 end of each sequencing read corresponds to the nucleotide next to the piperidine cleavage site within a Pol II complex, thus identifying the location of hyperreactive, unpaired thymines.
Our permanganate-ChIP-seq revealed that hyperreactive thymines were highly enriched between +20 and +60 at thousands of Drosophila promoters ( Figures 1B and 1C) , exactly where permanganate reactivity had been observed in single-gene assays (Lee et al., 2008) . The majority of cleavages were at thymines, and the sequence composition did not bias the pattern of cuts (see the Experimental Procedures and see Figures S1A-S1C online). Essentially identical results were obtained in two different Drosophila cell lines (S2R+ and BG3, Figures S1D and S1E). Clusters of T-reactivity corresponded to the location of 3 0 ends of small, capped RNAs, thereby validating them as transcription bubbles ( Figure 1C and Figure S1F ).
Little or no T-reactivity was detected upstream from +20 at the core promoter (the average T-reactivity from +20 to +60 is 25-fold higher than from À30 to +10). This could reflect the absence of stable open Pol II complexes at the TSS or an inability of permanganate-ChIP-seq to detect them. To test the latter possibility, we did permanganate-ChIP-seq on heat-shocked cells and compared the T-reactivity on heat shock genes to that of control cells. Heat shock genes are highly induced by heat shock, and permanganate footprinting of individual genes detects open complexes at their TSSs (Giardina et al., 1992) . In contrast to the pattern of T-reactivity in non-heat-shocked cells, the T-reactivity at the TSS of heat shock-induced hsp22 and hsp26 was comparable to the T-reactivity in the +20 to +60 region, indicating that permanganate-ChIP-seq can detect open complexes at the TSS ( Figure 1D ). Hence, the absence of T-reactivity upstream from +20 on the majority of mRNA genes in non-heat-shocked cells indicates that when Pol II assembles into a PIC, it rapidly moves into a transcriptionally engaged paused state.
Small, Noncoding Nuclear RNA Genes Encoding Components of the Splicing Machinery Have Relatively More Open Complexes at the TSS Than Other Pol II Genes To identify genes that harbor open complexes at the TSS in nonheat-shocked cells, we searched for genes that had higher or similar levels of T-reactivity at the TSS than the promoter-proximal region. Remarkably, the only genes with this feature encoded snRNAs that are part of the spliceosome ( Figure 1E and Figure S1G ). This pattern of T-reactivity was not observed on other noncoding RNA genes ( Figure 1E and Figure S1H ), nor was it related to the overall density of Pol II engaged in the promoter region ( Figure 1E , compare total reads). Thus, a significant level of open complex at the transcription start is a special feature of these snRNA genes. Notably, these open complexes are distributed evenly into several of these genes, so escape of the open complex at the TSS into the gene does not appear to be rate limiting.
Biochemical Analysis of Promoter-Proximal Pausing in Drosophila Nuclear Extracts
We searched the sequences of promoters with a high level of T-reactivity for conserved DNA elements to obtain leads for understanding mechanisms of pausing. Two previously reported elements were found overrepresented on promoters with paused Pol II. The GAGA element was enriched among genes with the highest level of T-reactivity, while another previously described consensus, called Motif 1 (Ohler et al., 2002) , was enriched among genes with moderate T-reactivity ( Figure S2 ). Motif 1 binds a protein we call M1BP that is described elsewhere (Li and Gilmour, 2013) . Here, we focus on the function of the GAGA element in promoter-proximal pausing. The GAGA element associates with GAF, and both are implicated in promoter-proximal pausing (Figure 1B and Fay et al., 2011; Lee et al., 1992 Lee et al., , 2008 . How GAF contributes to pausing is not known.
To investigate the function of GAF, we developed a robust biochemical system that paused Pol II in a GAF-dependent manner. Previously, we showed that promoter-proximal pausing could be reconstituted on the hsp70 promoter in nuclear extracts from Drosophila embryos (Li et al., 1996) . However, this system was limited because the paused Pol II was detected by permanganate footprinting, and it was not possible to ascertain when (B) Heatmap of T-reactivities by permanganate-ChIP-seq at all promoters of protein-coding genes. 16,411 protein-coding genes are ranked by T-reactivity from À150 to +150 bp, mapped to 10 bp bins. Each row represents an individual gene. The frequency with which GAGA factor (GAF) associated with each decile of promoters is displayed on the right. The association of GAF with the promoters is defined by the appearance of GAF ChIP-chip peaks within À500 to +300 bp from the TSS (Lee et al., 2008) . (C) Positional overlap of T-reactivities (T) and 3 0 ends of small capped RNAs at the promoters of 3,725 active genes. Active genes were defined as those associated with 5 0 small capped RNAs, and the 3 0 ends of these small capped RNAs were used in this analysis (Nechaev et al., 2010) . Genes were further selected to have no neighboring TSS within 500 bp, and to have focused initiation (defined as genes having >75% of their 5 0 ends of small capped RNAs mapping to within 10 bp of a common TSS.) (D) Permanganate-ChIP-seq analysis of heat shock genes before and after heat shock induction. The upper two tracks show the pattern of T-reactivity in a region spanning the heat shock genes, Hsp22 and Hsp26. The lower two tracks magnify the promoter regions of the two heat shock genes. Numbers above lines represent locations relative the TSS.
(E) Enrichment of open complexes at the TSS of spliceosomal snRNA genes. Rows correspond to genes, aligned by their TSS. T-reactivity is displayed as a heatmap, where color intensity represents the percentage of total T-reactivity in the region from À20 to +100 for each gene, mapped to 10 bp bins. The numbers on the left are the total number of sequencing reads acquired for the region from À20 to +100 for each gene.
permanganate reactivity was lost, whether this was due to transcriptional readthrough, premature termination, or inhibition of initiation. To overcome these limitations, we developed an alternative means for monitoring the behavior of Pol II. A pulse-chase procedure was employed to restrict radiolabel to the 5 0 region of transcripts so that the signals from transcripts on gels were proportional to the amount rather than the length of the transcripts. Also, a biotinylated oligonucleotide was used to isolate hsp70 transcripts produced during the transcription reaction in nuclear extracts, so these transcripts were not obscured by other radiolabelled nucleic acids generated by the extract independently of Pol II.
In vitro transcription of hsp70 produced short transcripts in a size range matching those observed in cells (Rasmussen and Lis, 1993) (Figure 2A , lanes 2 and 3). These transcripts were not produced from an hsp70 promoter lacking the TATA box ( Figure 2A , lane 1), a mutation that inactivates the promoter (Gilmour et al., 1988) . Sarkosyl or KCl reactivates the paused Pol II in isolated nuclei (Rougvie and Lis, 1988) . Likewise, the addition of sarkosyl, KCl, or both to our cell-free system resulted in lengthening of the transcripts ( Figure 2A , lanes 4-6). Thus, the short transcripts detected in lanes 2 and 3 are associated with paused Pol II rather than being products of premature termination. In addition, the location of the paused Pol II inferred from transcript lengths corresponded to the location of paused Pol II detected by permanganate footprinting ( Figure S3A ).
To validate our biochemical system, we tested if pausing was dependent on NELF and DSIF. Depletion of either protein decreased paused transcripts and increased readthrough transcripts ( Figure 2B , compare lanes 1, 2, and 4). Promoter-proximal pausing was rescued by adding back purified forms of the depleted proteins ( Figure 2B , compare lane 2 to lane 3 and lane 4 to lane 5). Together these results indicate that our cellfree system reconstitutes promoter-proximal pausing that recapitulates key aspects of the pausing at hsp70 in vivo.
GAF Regulates Pausing at Steps Before and After Transcription Initiation
Immunodepletion of GAF from our nuclear extract caused a marked decrease in paused transcripts, and a significant portion of these transcripts were restored by adding back purified GAF ( Figure 3A) . Notably, the level of readthrough transcripts was unchanged in the GAF-depleted sample, suggesting that the efficiency of pausing in these reactions was diminished (Figure 3A , compare lanes 1 and 2).
To determine when GAF contributed to promoter-proximal pausing, we examined the effects of disrupting GAF's function before, during, or after transcription initiation by adding GAF antibody at different stages of the transcription reaction. GAF clearly contributed to initiation, since incubation of the nuclear extract with GAF antibody before adding hsp70 DNA substantially diminished the overall level of transcripts ( Figure 3B , lanes 1 and 2). Addition of GAF antibody after formation of PICs, but before initiation with NTPs, diminished paused transcripts and increased readthrough transcripts ( Figure 3B , compare lanes 3 and 4). The same effect was observed when the GAF antibody was added after the pulse but before the chase ( Figure 3B , compare lanes 5 and 6). Importantly, GAF antibody had no effect after the Pol II had paused ( Figure 3B , lanes 7-10). Corroborating results were obtained by permanganate footprinting ( Figures  S3B-S3D ). GAF antibody had similar effects on the GAF-associated Mrp4 promoter but had no effect on the GAF-less promoter, oaf ( Figure S4 ). Thus, GAF specifically regulates transcription initiation and the establishment of the pause before and after Pol II initiates transcription.
GAF Can Recruit NELF to the hsp70 Promoter To investigate the mechanism by which GAF regulates pausing during elongation, we monitored the association of GAF and NELF with immobilized DNA in nuclear extracts. Substantially more GAF and NELF associated with the hsp70 DNA than with a control DNA ( Figure 4A , compare lanes 1 and 2). This association occurred in the absence of transcription, since neither deletion of the TATA box nor the presence of a-amanitin affected the binding of GAF and NELF ( Figure 4A , lanes 3-5).
To understand how GAF contributed to pausing, we investigated how the GAF antibody affected the associations of GAF and NELF with hsp70 in the nuclear extract. Incubation of the nuclear extract with GAF antibody prior to addition of the immobilized hsp70 DNA prevented both GAF and NELF from associating with the DNA (Figure 4B , compare lanes 3 and 4). In contrast, addition of GAF antibody after incubating the immobilized DNA with nuclear extract caused release of NELF but not GAF from the DNA ( Figure 4B , compare lanes 5 and 6). Instead, GAF antibody associated with the promoter, presumably by binding GAF ( Figure 4B , lane 5).
A simple explanation for the effects of the GAF antibody on the promoter binding of GAF and NELF is that GAF recruits NELF to the DNA template, and that the GAF antibody displaces NELF from GAF. To directly test if GAF can recruit NELF to the promoter, we incubated purified NELF with immobilized DNA in the presence and absence of GAF (Figure 4C ). NELF associated with the template in the presence of GAF, but not in its absence, indicating that GAF recruits NELF to the promoter.
Inhibition of GAF Function Shifts the Location of the Pause Downstream
If GAF recruits NELF to the promoter, how might this recruitment contribute to pausing? There are multiple GAGA elements (GAF binding sites) in the hsp70 promoter (Gilmour et al., 1989; Weber et al., 1997) , and we reasoned that deleting subsets of elements might provide information about the effect of GAF on pausing in the cell-free reaction. Deleting the two distal elements (À50 construct) caused the proportion of pauses to shift downstream, and destroying an additional GAGA element caused an even greater proportion of the pauses to shift downstream (Figure 5A and Figure S5A ). Thus, GAF is influencing where the Pol II pauses.
We performed a complementary experiment in vivo by depleting GAF from cells with RNAi. Based on a genomic analysis of GAF in Drosophila cells that had been depleted of GAF (J.T. Lis and M. Guertin, personal communication), we selected promoters that retained approximately 25% of the normal level of GAF following RNAi treatment so that the promoters would retain some transcriptional activity. Figures 5B and 5C show permanganate footprinting results in cells for a GAF gene, CG10645, and a GAF-less gene, fwd. Only CG10645 exhibited a downstream shift in the permanganate reactivity upon depletion of GAF. In contrast, both exhibited downstream shifts upon depletion of NELF ( Figure 5B ). GAF depletion caused a similar downstream shift of paused Pol II on a second GAF gene, CG11798 ( Figure S5B) . Importantly, the depletion of GAF did not alter the level of NELF or DSIF in cells ( Figure S5C ).
Decreasing NELF or DSIF Levels in Cells Shifts the Location of the Pause Downstream
The downstream shift in the location of the pause caused by perturbing GAF prompted us to posit that the location of the pause might be dependent on the rate at which pausing factors such as NELF associate with Pol II as Pol II transcribes the promoterproximal region. By recruiting NELF to the promoter, GAF could make the association of NELF with Pol II kinetically favorable.
If the rate at which NELF associates with the elongation complex affects the location of the pause, then reducing the amount of NELF in vivo should cause Pol II to pause downstream from its normal position. Moreover, since NELF and DSIF bind cooperatively to the elongation complex (Missra and Gilmour, 2010) , decreasing DSIF should also shift the location of the pause. In accordance with these predictions, RNAi-mediated depletion of NELF-B or the DSIF subunit Spt5 caused a downstream shift in the pattern of permanganate reactivity on hsp70 and dMyc, indicating the Pol II was pausing farther from the transcription start than normal ( Figure 5F ).
Slowing the Elongation Rate of Pol II In Vitro or In Vivo Shifts the Pause Upstream
For the association rate between a pausing factor and the elongation complex to affect the location of the pause, this rate would need to be in competition with other processes that antagonize the action of the pausing factor. A possible candidate is the rate of Pol II elongation. To determine if the rate of elongation affects the location of the pause, we first determined what effect lowering the nucleotide concentration in our in vitro transcription DNA immobilized on magnetic beads was incubated with nuclear extract. Proteins associating with the immobilized DNA were isolated and detected by western blotting. a-amanitin (a-ama) (10 mg/ml) was used to inhibit low levels of transcription that might occur due to nucleotides in the extract (lanes 4 and 5). Control DNA (lane 1) lacks the hsp70 promoter. (B) GAF antibody disrupts the association of NELF with the immobilized hsp70 DNA. GAF or control antibody was added before (lanes 3 and 4) or after (lanes 5 and 6) combining nuclear extract with immobilized hsp70 DNA. Proteins bound to the immobilized DNA were detected by western blotting. (C) Recombinant GAF recruits purified NELF to the hsp70 promoter. hsp70 promoter DNA was immobilized on magnetic beads and incubated with NELF in the absence (lane 1) or presence (lane 2) of GAF. Bound proteins were detected by western blotting. reaction had on the location of the pause. Lowering the nucleotide concentration slows the elongation rate of Pol II, and this caused Pol II to pause closer to the TSS of hsp70, since the most abundant transcript at 100 uM NTP ends at +34, whereas the most abundant transcript at 250 uM NTP ends at +39 (Figure 6A, see lanes 1 and 3) .
To test if the elongation rate affected the location of the pause in vivo, we examined where Pol II paused on genes in Drosophila salivary glands expressing a mutant form of Pol II that slows the rate of elongation . The human counterpart of this slow mutant provided evidence that mRNA splice site selection is linked to the rate of elongation (de la Mata et al., 2003) . Four promoters were selected based upon well-defined permanganate footprints between +30 and +50. Strikingly, T-reactivity for the slow Pol II was shifted closer to the TSS than for the wild-type Pol II ( Figure 6B ). These results indicate that where Pol II pauses in vivo is also impacted by the rate of transcription elongation.
Genomic Analysis of the Permanganate Footprints Indicates that GAF Orchestrates Efficient Pausing
Finally, we sought to determine if GAF tips the kinetic competition in favor of pausing on a genomic scale. The high resolution of our permanganate-ChIP-seq allowed us to compare locations of the paused Pol II on GAF and GAF-less genes. GAF genes tend to have Pol II paused closer to the TSS than GAF-less genes ( Figure 7A , p < 0.0001, Mann-Whitney test). Moreover, the width of the intervals where pausing occurs is narrower on GAF genes than on GAF-less genes ( Figure 7B , p < 0.0001, Mann-Whitney test). Hence, on a genomic scale, GAF corresponds with kinetically efficient pausing at promoters. 
In vitro transcription
In vivo MnO 4 footprinting (A) Distribution of paused transcripts transcribed from the wild-type (À194) and mutant hsp70 promoters in nuclear extracts. The À50 promoter deletes GAGA elements located between À194 and À50, and mGAGA mutates a GAGA element between À50 and À40. Band intensities corresponding to transcripts ending at the nucleotide positions shown on the abscissa were quantified and normalized to the total band intensities occurring from +26 to +44 (this compensated for reduced initiation occurring on promoters lacking GAGA elements, Figure S5A ). Error bars are the SEM of three reactions done with different nuclear extract preparations. See Figure S5A for a representative gel. (B) RNAi-mediated depletion of GAF from Drosophila S2R+ cells causes the permanganate reactivity on the GAF-associated gene, CG10645, to shift downstream from its normal position but has no effect on the GAF-less gene, fwd. Cells were treated with GAF RNAi, NELF RNAi, or the control lacZ RNAi prior to permanganate footprinting. The regimen of RNAi treatment for NELF and GAF differed, so the corresponding regimens of lacZ RNAi treatment differed accordingly. developed a comprehensive approach for investigating mechanisms that cause this pause. Our approach capitalizes on a new technique described here called permanganate-ChIP-seq that maps the distribution of transcriptionally engaged Pol II throughout the genome at near base pair resolution. To investigate mechanistic aspects of promoter-proximal pausing, we developed a biochemical system that recapitulates the promoter-proximal pausing observed in vivo. This allowed us to investigate how GAF, a sequence-specific transcription factor that binds upstream from the transcription start of over 1,500 genes with paused Pol II, controls pausing.
In vivo
We draw several significant conclusions. First, core promoters of protein-coding genes throughout the Drosophila genome contain little or no open Pol II promoter complexes. Thus immediately after assembly of the transcription complex at the core promoter, Pol II rapidly initiates and elongates into a paused state that precludes assembly of a second polymerase into an initiation complex. snRNA genes encoding components of the spliceosome and the induced heat shock genes are exceptional in that open Pol II promoter complexes are evident on these genes. Second, the location of the pause can be altered by perturbing the kinetics of elongation or the levels of pausing factors, suggesting that the location of the pause depends on a kinetic competition between elongation and the binding of these factors. Third, GAF tips this kinetic competition in favor of pausing by recruiting NELF to the promoter.
Permanganate-ChIP-seq Reveals that Paused Pol II Occludes Assembly of a Second Polymerase at the Core Promoter of Protein-Coding Genes The results of our permanganate-ChIPseq show that Pol II associates with the downstream promoter region of proteincoding genes primarily in a transcriptionally engaged state, 20-60 nucleotides downstream from the start site. In contrast to other available genomic methods, we can rule out that there are Pol II molecules in open complexes at the TSSs of these genes. This situation differs dramatically from budding yeast, where a Pol II stably resides at the core promoter just upstream of the TSS (Rhee and Pugh, 2012) , and indicates that open complexes detected at core promoters in vitro (Nock et al., 2012 ) are short-lived. Only on the induced heat shock genes, where the initiation frequency is estimated to be once every few seconds, is a substantial level of open complex evident at the TSS. For other protein-coding genes, the paused Pol II becomes the dominant state at the promoter, as it likely occludes other Pol II from assembling and initiating transcription until the paused Pol II resumes elongation. Thus, the pausing checkpoint might serve two purposes: ensuring that Pol II is properly licensed for elongation, and ensuring that a second polymerase does not assemble until the first is well on its way.
Unlike protein-coding genes, snRNA genes encoding parts of the spliceosome show clear evidence of open Pol II complexes at the TSS. The promoters of these genes function differently from other Pol II-targeted promoters. snRNA genes use a complex called SNAP(c) instead of TFIID as a foundation for assembling PICs (Hernandez, 2001) . These genes are also regulated by an alternate elongation complex that lacks P-TEFb, the kinase that functions to reactivate paused Pol II at protein-coding genes (Smith et al., 2011) . The distinction between snRNA genes and protein-coding genes revealed by our permanganate-ChIP-seq raises the possibility that TFIID itself could have some role in dictating the pause. Consistent with this possibility, the efficiency and location of the pause on hsp70 has been linked to sequence elements in the core promoter that are recognized by TFIID (Kwak et al., 2013) . Alternatively, the SNAP(c) complex might antagonize Pol II pausing at the promoter.
Kinetic Competition between Pol II Elongation and NELF Association Dictates the Location and Efficiency of Promoter-Proximal Pausing on GAF Genes
Permanganate-ChIP-seq shows that the location and efficiency of promoter-proximal pausing vary among promoters. Our results indicate that the location of the pause can be controlled by a kinetic competition between the rate of Pol II elongation and the rate at which NELF associates with the elongation complex. This conclusion is based on the observations that perturbations in factors involved in pausing shift the location of the paused Pol II in the promoter-proximal region.
The most compelling evidence that the Pol II elongation rate affects pausing is our finding that a slow Pol II mutant pauses closer to the TSS than wild-type Pol II in living cells. In accordance with this, lowering the concentration of nucleotides in the in vitro transcription reaction shifted the pause closer to the TSS. Several lines of evidence indicate that the association rate of NELF impacts pausing. First, we show that depleting NELF causes Pol II to pause farther away from the TSS. Second, GAF recruits NELF to the hsp70 promoter, and depleting GAF from cells or deleting binding sites for GAF from the hsp70 promoter causes the location of the paused Pol II to shift downstream from the TSS. Finally, on a genomic level, we observe that GAF-associated promoters have higher levels of paused Pol II, and the location of the pause is closer to the TSS and distributed over a narrower region than for other promoters.
DNA Binding Factors Recruit NELF to Control Pausing
By using an antibody to inhibit GAF function during specific stages of the transcription cycle, we show that GAF not only functions in initiation but also directly impacts the pause after Pol II has initiated transcription. Furthermore, we find that GAF can recruit NELF to the promoter in the absence of transcription initiation. Previously, we showed that the elongation complex must transcribe greater than 18 nucleotides to stably associate with DSIF, similar to what was observed for human Pol II elongation complexes (Cheng and Price, 2008; Missra and Gilmour, 2010) . We also showed that DSIF and NELF bind cooperatively to the elongation complex (Missra and Gilmour, 2010) . We propose that GAF recruits NELF to the promoter before transcription initiates and poises NELF to bind the elongation complex once the elongation complex has transcribed far enough to associate with DSIF ( Figure 7C ). GAF binds DNA as a large oligomeric complex (Katsani et al., 1999) , so multiple points of NELF binding could be provided by GAF at the promoter. GAF might function simply to increase the local concentration of NELF at a promoter ( Figure 7C , upper panel), or it might act as an allosteric regulator of NELF to increase NELF's affinity for the DSIF-Pol II elongation complex ( Figure 7C, lower panel) .
GAF is probably not alone in being able to recruit NELF to a gene's promoter. NELF was previously shown to associate with the estrogen receptor, c-fos, and c-jun (Aiyar et al., 2004; Zhong et al., 2004) . In each of these cases, the DNA binding protein is an activator that associates with its target gene during induction, yet NELF functions to attenuate the level of expression. These opposing activities could serve to fine-tune the level and duration of expression.
Unraveling Control Mechanisms for Promoter-Proximal Pausing Our combination of in vitro and in vivo analyses of promoterproximal pausing has led us to conclude that the timing of the association of pausing factors and Pol II elongation has a significant role in dictating the location and efficiency of pausing. While GAF facilitates pausing by recruiting NELF, other factors undoubtedly contribute to pausing. Pausing on the oaf promoter in the nuclear extract occurred independently of GAF and presumably nucleosomes, so other sequence-specific transcription factors might exist that function analogously to GAF.
Previous studies have linked several other features to promoter-proximal pausing. Chromatin structure has been implicated in pausing Pol II on the hsp70 gene in mammals (Brown et al., 1996) . As demonstrated here and previously (Benjamin and Gilmour, 1998) , chromatin is not essential to reconstitute paused Pol II on Drosophila hsp70 in vitro. Moreover, our analysis of the nucleosome organization on GAF and GAF-less genes reveals striking differences that suggest chromatin is unlikely to cause pausing on GAF genes ( Figure S6 ). We speculate that by recruiting NELF, GAF circumvents the contribution that chromatin structure makes to these genes.
The stability of the DNA-RNA heteroduplex was found to correlate with the location of short transcripts (Nechaev et al., 2010) . However, our analysis of the relationship of the energetic landscape of the nucleic acid framework in the elongation complex and the location of the transcription bubble indicates that much of the Pol II is not pausing at sites where the free energy change of the heteroduplex or the transcription bubble as a whole achieves a local minimum ( Figure S7) ; such local minima are predicted to be places for Pol II to pause if pausing is dictated solely by the thermodynamic stability of the nucleic acid framework (Bai et al., 2004) . Furthermore, our finding that the location of the pause can be shifted without changing the nucleic acid sequence indicates that the stability of the transcription bubble is not a major determinant of the location of the pause on the genes that were analyzed.
A computational analysis of approximately 1,500 paused genes revealed enrichment of the GAGA element, initiator, DPE, and a motif related to the DPE called the pause button (Hendrix et al., 2008) . Paused genes in the Hendrix et al. study were defined by the ratio of the Pol II density in the promoter and the body of the gene. Our search for conserved sequences among the larger number of paused genes defined by permanganate-ChIP-seq only identified the GAGA element and another sequence element known as Motif 1 ( Figure S2 ). Motif1 associates with a protein we call M1BP, and our results indicate that GAF and M1BP orchestrate distinct mechanisms of pausing (Li and Gilmour, 2013) . The initiator, DPE, and the pause button are also enriched among those promoters with the highest level of paused Pol II ( Figure S2 ). These elements are likely to be recognized by TFIID, and therefore might be the complex recently implicated in contributing to pausing on hsp70 in Drosophila (Kwak et al., 2013) .
Finally, recent biochemical analyses have identified proteins in addition to NELF and DSIF that could function in pausing Pol II in the promoter-proximal region (Cheng et al., 2012) . These include two proteins that associate with Pol II, Gdown1 and TFIIS, and an additional activity whose identity is currently unknown. Future biochemical studies with the Drosophila system could aid in identifying new pausing factors and assessing the function of current candidates. By using antibodies against factors that associate with the Pol II elongation complex, permanganate-ChIP-seq could provide detailed information about when and where factors associate with elongation complexes, thus providing new insights into the function of these factors in vivo.
EXPERIMENTAL PROCEDURES
Permanganate-ChIP-seq Permanganate-ChIP-seq was performed on Drosophila tissue culture cells and combined the techniques of Pol II ChIP (Petesch and Lis, 2008) and permanganate genomic footprinting (Lee et al., 2008) , and steps from ChIP-exo (Rhee and Pugh, 2011) . A detailed description of the procedure is provided in the Supplemental Information.
The majority of cleavage sites throughout the genome mapped to thymine, and the second most frequent cleavage site mapped to cytosine ( Figure S1A ). This matched the permanganate sensitivity of nucleotides measured in vitro (Bui et al., 2003) , indicating the specificity of the permanganate reaction. Unless specified, we used reads that mapped to thymine (T-reactivity) to avoid ''background'' cleavage by piperidine at nonoxidized nucleotides that are not necessarily within transcription bubbles. Since we mapped the cleavage sites on both strands, permanganate reactivity is displayed at both A and T in the genomic sequence of one strand. These results were not biased by the nucleotide composition, because T-reactivity had no correlation with the AT content in the local genomic DNA sequence ( Figures S1B and S1C ).
Promoter-Proximal Pausing in Drosophila Nuclear Extracts
In vitro transcription reactions were done in nuclear extracts derived from Drosophila embryos (Biggin and Tjian, 1988 ) using a pulse-chase labeling strategy to restrict labeling in newly synthesized transcripts to the 5 0 region (Marshall et al., 1996) , and oligonucleotide-directed purification of the transcripts (Rasmussen and Lis, 1993) . Nuclear extracts were dialyzed to a conductivity equal to buffer with 150 mM KCl rather than 100 mM, because this retained more DSIF and NELF in a soluble state. The oligonucleotide-directed purification of the transcripts separates the transcripts from radiolabelled products that were not produced by Pol II. The shortest transcripts that we have detected with this technique are 18 nucleotides, so we cannot rule out the possibility that some population of Pol II molecules is pausing closer to the TSS in the cell-free reactions. A detailed description of the protocol is provided in the Supplemental Information.
Immunodepletion of NELF, DSIF, and GAF, and Sources of Recombinant DSIF, NELF, and GAF NELF-, DSIF-, and GAF-depleted nuclear extracts were prepared as previously described (Wu et al., 2005) . DSIF used in Figure 2B was purified from a baculovirus expression system (Wu et al., 2003) . NELF complex used in Figure 2B and Figure 4C was purified from a transgenic fly line expressing Flag-NELF D (Missra and Gilmour, 2010) . Flag-GAF used in Figure 3A was purified from embryo nuclear extracts of a transgenic fly line (Shimojima et al., 2003) . The full-length GAF (isoform 519) used in Figure 4C was cloned into the pET28 vector with a His-tag at the C terminus. His-GAF was expressed in BL21 DE3 and purified with TALON cobalt beads.
Pull-Down Assays with Immobilized Templates
A detailed description for the generation of biotinylated DNA templates and their immobilization on magnetic beads is provided in the Supplemental Information. For experiments in Figures 4A and 4B , immobilized templates were incubated with nuclear extract and magnetically isolated. Following washes, proteins were eluted and analyzed by western blotting. Similar pull-down experiments were done with recombinant GAF and purified NELF ( Figure 4C ). Further information is provided in the Supplemental Information.
Potassium Permanganate Analysis of Pausing In Vivo
Fly lines expressing a mutant Pol II (C4) or wild-type Pol II were grown at 24 C.
The C4 mutant, stock number 3663, was obtained from the Bloomington Drosophila Stock Center. Salivary glands from both lines were dissected, and genomic footprinting with potassium permanganate was done as described (Gilmour and Fan, 2009) . Permanganate genomic footprinting of tissue culture cells and the primers used in ligation-mediated PCR were as previously described (Lee et al., 2008) .
Bioinformatic Analyses
See the Supplemental Information.
ACCESSION NUMBERS
Raw sequencing data are available at the NCBI Sequence Read Archive under accession number GSE46620. 
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